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Ubiquitination of endogenous calmodulin in rabbit tissue extracts
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Previously we were able to show that pwrified calmodulins from vertebrates. plants (spinach) and the mold Neurospora crassa can be covalently
conjugated to ubiquitin in 2 Ca?* -dependent manner. It was therefore pertinent 1o answer the question if a tissue extract contains all the components
necessary for the endogenous synthesis of ubiquityl calmodulin {uCaM). Therefore [2*IJubiquitin, ATP/Mg?* and Ca?®* were added to tissue extracts
enriched by a single ion exchange step. In such extracts of red bicod cells. skeletel muscle and testis a novel ubiquitin conjugate of 27--29 kDa is
formed. This novel band could be identified as ubiquityl-calmodulin by the /~llowing methods: (i) identical R~value of novel conjugate and standard
uCaM in SDS-PAGE; (ii) Ca’'-dependent conjugate formation; (iii) C2’"-dependent adsorption to fluphenazine-Sepharose; (iv) Ca®*-dependent
mobility change of the novel conjugate during SDS-PAGE; and (v) inhibition of conjugate band formation by phosphoryla:v kinase. These
experiments clearly demonstrate that ubiquityl calmodiulin can be endogenocusly generated in enriched cellular extracts and stron,.:y indicate that
this reaction is of importance in vivo.

Calmodulin; Ubiquitin; Calmodulin-ubiquitin conjugate; Protein-ubiquitination; ATP-dep~ndent proteolysis; Trimethyl lysine

1. INTRODUCTION also preliminary report in [13]), which contain a protein

Ubiquitin, a heat stable polypeptide of 8.5 kDa, has
been shown to be involved in covalent modification
rez.ctions in eukaryotic cells (for reviews see [1.2]). Pro-
teins which have been detected as modified in vivo in-
clude histone (uUH2A) [3], actin (arthrin) [4}, phyto-
chrome [5] and receptors [6,7]. Although the detection
and isolation of these conjugates from tissues indicates
a high significance of the proiein modifications for the
cell, much is still .«: be learned on their synthesis and
biological function.

Previously [8--12] we have shown that vertebrate,
plant and mold :calmodulins can be covalently coupled
to ubiquitin in tae presence of Ca?>* and ATP/Mg?* by
ubiquityl-calmodulin synithetase (uCaM-synthetase)
fromm mammalian tissues, for which a specific affinity-
based assay has Iyeen described [9]. The calmodulins are
multiply ubiquitinated at a single site leading to a poly-
ubiquitin tail [1!,12]. Evidence has been presented that
only the free form of calmodulin can be modified [9].

However, all of these findings have been made with
purified isolate¢ calmodulins under in vitro conditions
and until now it has not been possible to detect ubiqui-
tin conjugates of calmodulin in cellular extracts or in-
tact cells. A m<jor open question therefore is whether
the ubiquitina..on of calmodulin is a reaction which
normally occurs in viable cells and if so whether it can
be detected in cell-free extracts or enriched fractions (see
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composition similar to that of the cytosol.

In this paper it will be shown that simply the addition
of radioactively labelled ['**Ijubiquitin, ATP/Mg>* and
Ca?** to cellular extracts eariched by a single ion-ex-
change step lead to the production of ubiquitinated en-
dogenous calmodulin. This makes it very probable that
the ubiquitination of calmodulin belongs to the normal
regulatory repertoire of eukaryotic cclls.

2. MATERIALS AND METHODS

Enriched rabbit tissue/cell extracts from reticulocytes (APF U,
ATP-dependent proteolysis fracticn 1I), erythrocytes, skeletal niuscle
(wkhite, fast twitch; red. slow twitch) and testis were prepared by a
single chromatographic step on DEAE-Sephace! (Pharmacia, Upp-
sala) as previously described in [13,14]). The DEAE-cellulose method
employed for the enrichment of the tissue extracts is based on the
method of preparing the ATP-dependent proieolytic fraction Il
{10,14,15) aiso called APF I1. In this step proteins like hemoglobin,
myoglobin and especially ubiquitin (see [1,5}) run unadsorbed through
the column. The ubiquitin conjugating activity including uCaM-syn-
thetase [14], calmodulin and many other proteins are adsorbed, en-
riched and then desorbed by increasing the NaCl concentration to 350
mM [10,14]. Ubiquitin was prepared according to [14] or purchased
from Sigma (Munich). The ubiquitin concentration necessary for half-
maximal activation of ATP-dependent proteolysis (14] as tested with
reticulocyte APF II [14] was 1.5-2 uM. 'Pl-fabelled ubiquitin was
svnthesized according to the chloramine-T procedure (ie. 1230.CT-
ubiquitin, 0.1-6x10* cpm/mg) [14,16]. Bovine testis calmodulin was
isolated according to [17] and purificd further by affizity chromatog-
raphy according to ;18]. The biological activity of the purified calmo-
dulin was tested [19] with phosphorylase kinase in an AutcAnalyzer
test [20,21]. The concentration of bovine calmodulin necessary for half
maximal activation of phosphorylase kinase (maximal activaticn 5-7-
fold) was 30-70 nM.

uCaM-synthetase was quantitated with the fluphenazine-Sepharose
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affinity adsorption test (FP-test) [9). The incubation mixture (total
volume 100 g#!) contained 50 mM Tris-HCL 1 mM DTE. 5 mM Mgt
1 mM ATP. 10 mM phosphocreatine, 0.1 mg/ml creatine kinase, 500
Heg/ml calmodulin, 50 pg/ml ubiquitin. 0.9 10 mg/'ml DEAE-cellulose
enriched extract. Unless otherwise stated, the mixtures with calcium
comained i.1 mM CaCl;, and 1 mM EGTA whereas the mixtures
without calcium only contained | mM EGTA. The specific activity of
uCaM-synthetase in the enriched extracts was between 12 and 52
fkat/mg. The heat step which was also employed for other experiments
involves the heating of the extract of 100°C for 53 min. The amount
of FP-Sepharose employed depended on the amount of calmodulin in
the mixture and was held at the ratio of 100 ul packed FP-Sepharose
per 190 ug of calmodulin.

Electrophoresis in the presence of SDS was performed on 15%
polyacrylamide gels according to [22). Ca’* -dependent mobility chang-
es of calmodulin [23] during electrophoresis were performed as pre-
viously described [8]. The molecular weights were monitored with
ovalbumin 45 kDa. glyceraldehyde 3-phosphate dehydrogenase 36
kDa. carbonic anhydratase 29.2 kDa, trypsinogen 25 kDa. trypsin
inhibitor 20.1 kDa, lactalbumin 14.2 kDa. For autoradiography the
X-ray film was exposed for 40-92 h (see legends) at —80°C and devel-
oped for 5§ 15 min (see legends) as described {9,10]. The autoradio-
grams were denistometered on a laser scanner (Ultroscan 2202, Phar-
macia). For conversion of the peak area to pmol ubiquityl caimodulin
conjugate the system was calibrated as described in [8]. Protein [24]
was determined on an AutoAnaiyzer 11 (Technicon) employing bovine
serum albumin as standard.

3. RESULTS AND DISCUSSION

The ubiquitination of endogenous cellular calmodu-
lin was found more or less by chance when SDS-PAGE-
autoradiograms of ubiquitination mixtures, in which
ubiquityl-calmodulin had been further purified by affin-
ity adsorption to fluphenazine-Sepharose {9], were over-
exposed. In a systematic approach the ubiquitinatior. of
the unknown protein was followed after the enrichment

Table 1

Amount of endogenous ubiquityl-calmodulin conjugate synthesi.ed in
60 min at 37°C in various enriched tissue extracts

Tissue Protein uCaM- Autoradiographic %
(mg/mi) synthetase amount of conjugate endez /
activity formed in 60 min exog.
(fkat/mg) pmol/mg protein
exogenous endogenous

Reticulocytes 7.2 523 209.1 24.4 12
Erythrocytes 1.8 48.3 181.1 320 18
Red muscle 33 11.2 48.7 6.8 14
White muscle 24 15.0 65.1 12.6 19
Testis 6.2 14.5 48.4 19.1 39

The activity of uCaM synthetase was determined with the FP-test [9].
The net activity given in the table was corrected for the activity found
in the absence of exogenous caimodulin (controls). The protein con-
centration in the incubation mixture was %, the amount given in the
table except in the case of reticulocytes where the concentration was
0.9 mg/ml. The net amount of conjugate gencrated from exogenocus
or endogenous calmodulin in 60 min at 37°C per mg extract protein
was determined by quantitative av.toradiography {see Fig. S and [8]).
The amount of ‘autoradiographic’ conjugate formed in the presence
of exogenous calmodulin has been corrected for the endogenous
amount formed in the same time. For further details see Fig. S, section
2 and the text.
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Fig. 1. Ca®’-dcpendent synthesis of the ¢ndogencus ubiquitin conju-
gate in rabbit testis. The extracts were incubated in mixtures contain-
ing as final concentration 50 mM Tris-HCI, | mM DTE, S mM Mg<l,,
I mM ATP, 10 mM phosphocreatine, 0.1 mg/m! creatine kinae, 0.5
mg/ml exogenous calmodulin, 50 ug/ml '**1-CT-ubiquitin (1.4 x 107
cpm/mg) with 0.9 mg/m1 DEAE-cellulose enriched reticulocyte lysate
or 10 mg/ml DEAE-ceilulose enriched extract from testis. Mixtures
with calcium (+Ca’*} contained 0.1 mM CaCl,, mixtures without
calcium (—Ca?') contained | mM EGTA. The reaction was terminated
by boiling after 60 min at 37°C and the precipitated protein was spun
down. The supernatant was applied to FP-Sepharose in the presence
of Ca”* and conjugates were eluted with EGTA as described in section
2. The EGTA cluates were precipitated in 5% TCA and the peilets
were resuspended in sample buffer for 1 5% polyacryiomide gel electro-
phoresis [22]. Afier separation of the polypeptides autoradiograms of
the gels (ca. 4 days exposition at ~80°C, development for ca. 15 min
at room temperature) were prepared. The band running close to the
electrophoretic front is unconjugated '*F-ubiquitin. For further details
and molecular weight standards see section 2 and the text.

(A)

lane 1: enriched reticulocyte extract
lane 2: enriched reticulocyte extract
lane 3: heat treated mixture of lane 2

(supernat.)
iane 4: heat treated mixture of lane 2
(supernat.)
lane S: affinity adsorbed supernatant
iane &: affinity adsorbed supernatant
lane 7: affinity adsorbed superratant endogen. proteins + Ca?*
lane 8: affinity adsorbed supernatant endogen. proteins — Ca?*
(B) Same sample sequence as in (A) except that a mixture containing
enriched testis extract was applied to the polyacrylamide gel instead
of enriched lysate

endogen. proteins + Ca®*
endogen. proteins ~ Ca®*
endogen. proteins + Cz™*

endogen. proteins ~ Ca®"

+ exogenous CaM + Ca?*
+ exogenous CaM - Ca?*
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Fig. 2. Autoradiographic detection of an endogenous ubiquitin 29
kDa conjugate in striated red and while rabbit muscle enriched ex-
tracts on incubation with '*l-ubiquitin and ATP:Mg?*. The incuba-
tion mixture (total volume 0.1 ml) contained as final concentrations
SO mM Tris/HCL | mM DTE, 3 mM MgCl,, 1 mM ATP, 0.1 mM
CaCi,, 10 mM creatine phosphatc, 0.1 mg/ml creatine kinase, 0.5
mg/mi calmodulin. 0.05 mg/ml **[-ubiquitin (6 x 10" cpm/mg). AP¥
11 (reticulocyte 0.9 ml/ml, red muscle 1.1 mg/ml, white muscle 0.8
mg/mi). For further details see legend to Fig. 1, section 2 and the wxt.

tane I: reticulocyte APF [l + exogenous calmodulin

fane 2: reticutocyte APF 11 — exogencous calmodubin

fanc 3: red (slow twitch) skeletal muscle  + exogenous calmoduhin
APF 11

lane 4: red (slow 1witchy skeletal muscle  ~ exogenous calmodulin
APF 11

1 ne 5: white (fast twitch) skelctal muscle + exogenous calmodulin
APF Il

lxre 6: white (fast twitch) skeletal muscie — exogenous calmodulin
APF II

of the extract by a one-step ion-exchange chromatogra-
phy. This is shown in the presence and absence of Ca’"
in the incubation mixture in Fig. 1 for reticulocytes (Fig.
1A) and testis (Fig. 1B) for which a high endogenous
content of calmodulin has been reported [25]. Lanes 1
and 2 (xCA>") demonstrate that a large number of
proteins is ubiquitinated in enriched reticulocyte and
westis extracts. 1 large difference in the film blacken-
ing between reticulocytes (Fig. 1A) and testis (Fig. iB)
is due to the fact that 10-fold more protein was applied
in the case of testis. Heat treatment of these ubiquitina-
tion mixtures eliminates practically all labglled proteins
(lanes 3 and 4, +CA?") except a band (doublet) running
with an identical molecular mass (27-29 kDa) as the
conjugate (doublet, [9]) formed from exogenous calrio-
dulin added to the mixture (lanes 5 and 6, +Ca*"). The
calmodulin conjugaiing activity for exogenous sub-
strate (lane 5) is significansly higher (see also Table I
below) in reticulocytes than in testis. The conjugate in
lane 6 is due to the Ca®*-independent activity of the
enzyme [12]. The adsorption of the supernatant of the
heat-treated extract te fluphenazine-Sepharose (lanes
5-8) climinates free '>’I-ubiquitin and other nonspecific
conjugates. The deection of conjugate in the molecular
weight range of 27-29 kDa in lane 7 clearly illustrates
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Fig. 3. Ca’'-dependent mobility change of the endagenous ubiquitin
conjugate as exemplified in the DEAE fraction of erythrocytes. The
incubation mixtures were prepared as described in the fegend to Fig.
i. Erythrocyte APF I was added to a final concentration of 0.9 mg:ml.
Eiectrophoresis and autoradiography were performed as acscribed in
the legend to Fig. | except that the conjugates were not enviched by
adsorption to FP-Sepharosc: first-order conjugate ca. 29 kDa. second-
order conjugate ca. 36 kDa, third-order conjugate ca. 42 kDa. The
arrow-pairs indicate the range of the mobility change for the firsi- and
second-order conjugates. In the presence of Ca®’ the -onjugates rur
with a lower molecular weight {8]. For further details scc section 2. the
text and [8).
lanc §: '**[-ubiquitin and ATP/ Mg**
lanc 2: '*‘l-ubiquitin and ATP/ Mg
lane 3: '**[-ubiquitin and ATP/ Mg™*

+ Ca’" in sample buffer
+ Ca’" in sample bufler
+ EGTA in ~ampic butfer

that it is adsorbed and desorbed on FP-Sepharosc in a
Ca* -dependent manner and thereby ideatical to the
conjugate observed in lane 3. From the gels it can be
concluded that the synthesis of the endogenous ubiqui-
tyl conjugate is highly Ca“"-dependent (no conjugates
detectable in lanes 4,6.8 —Ca®") and is the major endo-
genous conjugate remaining in the heat-treated extracts
of both reticuiocytes and testis.

In Fig. 2 the generation of the same novcl endogenous
ubiquitin conjugate band in red and white striated skel-
etal muscle is shown. In lanes 3,5 exogenous calmodulin
has been added as control to the incubation mixtures.
The endogencus formation of the novel band is shown
in lanes 4 and 6 as a faint radioactive band (doublet)
visible in the same molecular mass range (27— 29 kDa)
as the band formed with exogenous calmodulin (lanes
1.3.5). The conjugating activity is again significantly
higher in reticulocytes (lanes 1 and 2) than in striated
muscle.

Fig. 3 demonstrates the Ca®'-dependent mobility
change (sce also [B]) of the novel endogenous conjugate
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Fig. 4. Inhibition of endogenous conjugate formalion in enrichzsd
rabbit Lestis extract by addition of increasing amounts of phosphory-
tase kinase to the incubation mixture. The incubztion mixtures were
prepared for the detection of endogenous conjugate as described in the
tegend to Fig. 1. Testis enriched extract was added to a final concen-
tration of 1.8 mg/ml. The specific radioactivit, of '**I-ubiquitin was
1 x 16 cpm/mg. Electrophoresis and autoradiography were performed
as described in the legend to Fig. 1 except that the conjugates were not
enriched by adsorption to FP-Sepharose. The gels were exposed to the
X-ray film tor 40 h and developed for 5 min at 5°C. For further details
sec legend to Fig 1. Methods., the text and [9].

lane 1: control mixture without phosphorylase kinase

fane 2: mixture + 0.11 mg/ml phosphorylase kinase
tane 3 mixture + .46 mg/ml phosphorylase kinase
tane 4 mixture + 1.15 mg/ml phosphorylase kinase
larie 5: mixture + 2.30 mg/ml phosphorylase kinase
lanc 6. mixture + 4.46 mg/ml phosphorylase kinase

in erythrocyte extract on polyacrylamide gel in the pres-
ence of SDS. In addition to the first-order conjugate a
second- and third-order conjugate band can be detec-
ted. These higher-order conjugates. which have been
previously described (see {111, also exhibit a small Ca®"-
dependent mobility change, suggesting that the biologi-
cal function of calmodulin is stiil largely intact even
after conjugation of 2 or more ubiquitin molecules.

in order tu exclude that other Ca” -binding proteins
boswdes cualmedulin might also constitute a conjugate
band similar > the one described in Figs. 1- 3, a seasi-
tive reaction or the identification of calmodulin under
the conditions of conjugation with ubiquitin was ap-
phed. Previcusly it was shown [9] that phosphorylase
kinase inhibits thz conjugation of calmodulin, probably
by competitively binding calmodulin and thereby elimi-
nating it as substrate from the conjugation reaction.
Only one other molecule is known to b-nd phosphory-
lase kinase under these conditions namely the troponin
C subunit of troponin [26]}. which, howcver, is not pres-
eni in non-muscular tissues as testis and which is not
present in free form in skeletal muscle [27]. As ¢an be
seen in Fig. 4 the amount of endogenous conjugate
formed (lane 1) can be titrated to its disappearance
(lanes 4-6) by the addition of phosphorylase kinase to
the enriched testis extract. This experiment together
with the previous ones clearly identifies the novel en-
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Fig. 5. Quantitative evaluation of the amount of endogenous first-
order (27-29 kDa) ubiguitin conjugate in enriched testis cxtracts by
quantitative autoradiography. The incubation mixtures werc prepared
as described in the legend to Fig. 1. Enriched tectis extract was added
to a final concentration of 1.8 mg/ml. Electrophoresis and :autoradio-
graphy were performed as described in the legend to Fig. 1. The
autoradiograms were densitometered and cvaluated as described in
section 2 and {8]. Evaluation of the densitograms yiclded $8.4 pmol
for net uCaM conjugate from exngenocus calmodulin mixture and 19.1
pmoel uCaM from endogenous calmodulin al e. +CaM*®’ indicates
the presence or absence of ¢ xogenows calmadu .a in the m:xture. For
further details see Table 1, section 2 and the text

+CaM: . = 0.4 corresponds to firsi-order (exogenous) ‘**1- uCaM
. = (.77 corresnonds to free '**I-ubiquitin
—~CaM: = 0.4 *X’ corresponds to first-order endogenous

V¥ uCaM
. = 0.77 corresponds to free

125

x RARD

T-ubiquitin

dogencus conjugate as a caimodulin conjugate of ubi-
quitin.

Since the previous experimen's have aliowed the iden-
tification of the novel band as ubiquityl calmodulin, its
formation in testis extract was evaluated by quantitative
scanning [8]. The scans or autoradiograins analogous to
the runs in Fig. 2 are shown in Fig. 5. As required, the
endogenous conjugate has an idential R;-value of 0.4 as
the conjugate formed froin exogenocus calmodulin. By
this method it can be calculated that on addition of
exogenous calmodulin to tae incubation mixture from
testis (see Table 1) a net peak area (corrected for the
peak area found in the absence of exogenous CaM, sze
below) corresponding to ca. 48 pmol uCaM/mg protein
and in the absence of exogencus calmodulin a peak area
corresponding to ca. 19 pmol uCaM/mg protein is ob-
tained after 60 min of incubation. Thus in enriched
testis extract there is enough endogenous calmodulin to
generate up to 40% of the amount of conjugate
otherwise found only after addition of exogenous cal-
modulin. In the other tissues (Table I) the amount of
endogenously synthesized uCaM (60 min) lies between
7 and 32 pmol/mg protein, i.e. 15-20% of the amount
maximally obtained by the addition of exogenous cal-
modulin.

From the ubiquitous distribution of ubiquitin in ail
cukaryotic cells 28] it can be concluded that ubiquitin
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is initially presen. in all of the tissue extracts described.
Qur ~vn measurements (Gehrke and Jennissen, unpub-
lishew ; have indicated 390 ug/g wet weight of ubiquitin
in erythrocytes (see also [29]) and 33 ug/g wet weight in
white skeletal muscle (see also {27]). If these values are
corrected for cell water content (of e.g. 76% for skeletal
muscle {30]), intracellular concentrations of 43-490 ug
ubiquitin/ml cell water are obtained. Therefore the addi-
tion of *I-CT-ubiquitin in concentrations of 50 ug/ml
to the incubation mixture is in the physiological range.
Since it was shown previously that for conjugate forma-
tion radiolabelled '*’I-CT-ubiquitin is qualitatively in-
distinguishable from non-derivatized native ubiguitin
f11]. the conjugation bands are not artifacts of the deri-
vatization procedure for labelling ubiquitin. From the
existence of endogenous calmedulin conjugation in
these extracts it must be concluded that this reaction is
in some way decisive for eukaryotic cell function.
Whether this function lies in the regulation of calmo-
dulin degradation or in a specific functional change 1s
still unclear [12}.
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